Introduction
============

Ovarian torsion is a gynecological emergency among women of reproductive age. Early diagnosis and management are important for the preservation of ovarian function. In cases of ovarian torsion, an ischemia/reperfusion (IR) injury may develop due to the release of free radicals and reactive oxygen species (ROS) during the detorsion process. [@JR_1] Oxidative trauma occurs in a cell when the concentration of generated ROS exceeds that cell's antioxidant capability. [@JR_2] [@JR_3] Various antioxidants have been used for the prevention of oxidative injury and inflammation in ovaries subject to IR injury. [@JR_4] Malondialdehyde (MDA) is the basic product of lipid peroxidation and is used to determine oxidative stress levels. [@JR_5] It is well known that glutathione (GSH) is one of the most important indicators of the body's antioxidant capacity. [@JR_1] Lycopene, a type of carotenoid, has antioxidant and chemopreventive properties. [@JR_3] In our study, rats with ovarian torsion--detorsion damage were evaluated for the effects of lycopene. Moreover, the study evaluated the degree of ovarian tissue damage by histopathological examination and biochemically assessed the levels of MDA, GSH, myeloperoxidase (MPO), and superoxide dismutase (SOD) enzyme activity.

Materials and Methods
=====================

Approval from the Atatürk University Ethical Committee was obtained before the study (ethical approval date: 06.28.2018/07). The study was performed in the Animal Laboratory and Experimental Research Center of Atatürk University in July 2018. Animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (8th Edition, National Academies Press). In this study, 24 healthy, adult, nonpregnant, female Wistar Albino rats weighing between 228 and 272 g were used. The animals were fed and kept in a cage at a constant room temperature and humidity under standard 12-hour light and dark laboratory conditions. All experimental processes were performed when the rats were in the estrous phase. The rats were randomly divided into four groups of six animals: sham operation (group 1) 1 mL of corn oil was applied by gavage method; IR group 2: IR + 100 mg/kg lycopene, group 3: IR + 200 mg/kg lycopene, and group 4: lycopene 10% FS (Redivivo, DSM Nutritional Products). Lycopene was suspended in corn oil and administered by gavage at doses of 100 and 200 mg per kg half an hour before the end of ischemia (2.5 hours of ischemia). [@JR_6]

Surgical Protocol
-----------------

All procedures were performed under general anesthesia and sterile conditions. Each rat was intramuscularly injected with 45 mg/kg of ketamine hydrochloride (Ketalar) and 5 mg/kg of xylazine hydrochloride (Rompun, Bayer) for general anesthesia. The skin of the abdomen was shaved and cleaned with 10% povidone iodine. The lower abdomen was opened with a 2-cm midline incision, and the bilateral ovary and adnexa were exposed. The uterine horn and ovaries were specified. Vascular clamps were placed just beneath the ovaries and over the uterine horns. The incisions were closed with 4--0 silk sutures. The IR procedures were performed by one identical person using the same technique. The adnexa were rotated 720 degrees clockwise and fixed to the abdominal wall for 3 hours with a 5--0 polydioxanone suture. In the detorsion groups, the abdomen was reopened, and after the removal of the fixation sutures, the ovaries were brought to their former positions with detorsion. To protect the rats from hypothermia, the operating table was heated with a lamp from above and a heater from below. During the waiting period, the incision line on the abdominal region was closed with a 3--0 silk suture. In the sham group, a laparotomy was performed and the incision was closed with a 3--0 nylon suture. A relaparotomy was performed after a 3-hour period of all procedures in all groups, a bilateral oophorectomy was performed, and the animals were sacrificed after their blood was taken. In all groups, ovarian tissue was kept in 10% formaldehyde for histopathological evaluation and biochemical analyses.

Biochemical Assay
-----------------

For the biochemical analyses, the ovarian tissues were dissected out and frozen immediately at--80°C. Then, 0.1 g of the tissue was homogenized with 900 µL of ice-cold phosphate-buffered saline at pH 7.4 (10% w/v) and centrifuged at 4,000 rpm for 15 minutes at 4°C. The supernatants were stored at--80°C to analyze the SOD, MPO, MDA, and GSH levels. The protein content of the supernatants was determined by the Bradford method using bovine serum albumin as standard. [@JR_7] The MDA levels, an index of lipid peroxidation, were determined through thiobarbituric acid reaction using the method described by Ohkawa et al. [@JR_8] The product was evaluated spectrophotometrically at 532 nm, and the results are expressed as nmol/mg protein. MPO activity in the supernatant was measured with the method described by Bradley et al. [@JR_9] Then, 0.1 mL of the supernatant was mixed with 2.9 mL of 50-mM phosphate buffer, pH 6.0, containing 0.167 mg/mL of O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide. The change in absorbance at 460 nm was assayed spectrophotometrically. MPO enzyme activity was recorded as U/mg protein in the sample. The GSH and SOD levels in the supernatants were measured with ELISA (enzyme-linked immunosorbent assay) methods using commercial kits (Cayman, cat no: 703002, and Cayman, cat no: 706002, respectively).

Histopathological Examination
-----------------------------

The ovaries were fixed in 10% formaldehyde for 72 hours, dehydrated in a graded alcohol series, embedded in paraffin wax, and sectioned using a Leica RM2125RT microtome (Leica Microsystems). Five-mm-thick sections were used in this study for histopathological examinations and evaluations. After placing the 5-mm-thick sections of tissue onto slides and after deparaffinization and rehydration, one section from each rat was stained with hematoxylin--eosin. All sections were examined and photographed using a light photomicroscope (Olympus BX51 light microscope). Tissue damage was histopathologically assessed for hemorrhage, vascular congestion, and polymorphonuclear leukocyte (PMNL) infiltration. At least five microscopic regions were examined to score the specimens semiquantitatively. Each sample was scored for each criterion using a scale ranging from 0 to 3 (0, none; 1, mild; 2, moderate; 3, severe). Total scores were calculated from these parameters. One pathologist examined all the ovarian sections in a blinded fashion.

Statistical Analysis
--------------------

The data regarding the biochemical SOD, GSH, MDA, and MPO levels were subjected to a one-way analysis of variance using the IBM SPSS Statistics Version 20.0 (IBM Corp.). Differences among the groups were determined using the Duncan multiple comparison test and were considered to be significant when the *p* -values were less than 0.05. All the results were expressed as a mean standard deviation of the mean.

Results
=======

Biochemical Results of Ovary Tissues
------------------------------------

In this study, the antioxidant (SOD and GSH) and oxidant (MDA and MPO) parameters in the ovarian IR injury model in rats among different treatment groups are presented in [Fig. 1](#FI-1){ref-type="fig"} . The MDA levels and MPO activity were significantly decreased, whereas the GSH levels and SOD activities were significantly increased in the ovarian tissues in the IR + lycopene groups compared with the IR group ( *p* \< 0.05). The SOD activity and GSH levels were found to be lower and the MDA levels and MPO activities were found to be higher in the IR group when compared with the IR + 100 mg and IR + 200 mg groups. Lycopene administration was found to ameliorate SOD activity and GSH levels in a dose-dependent manner. Furthermore, there were significant differences between the IR + 100 mg and IR + 200 mg groups for all antioxidant and oxidant parameters ( [Fig. 1](#FI-1){ref-type="fig"} ) ( *p* \< 0.05). The SOD activity and GSH levels were found to be lower in the IR + 100 mg lycopene group as compared with the IR + 200 mg lycopene group. The MDA levels and MPO activities were found to be higher in the IR + 100 mg lycopene group as compared with the IR + 200 mg lycopene group. These results demonstrate an inverse correlation between lycopene levels and oxidative stress, supporting the hypothesis that lycopene supplementation could ameliorate oxidative stress in the rat ovary. Thus, in this study, the lowest SOD and GSH levels were observed in group 2. However, lycopene given before the reperfusion period increased SOD activity. The most dramatic increase occurred in group 4, which received the 200 mg/kg dose. The 200 mg/kg dose of lycopene was more effective than the 100 mg/kg dose.

![Effects of lycopene treatments on SOD and MPO activities, and GSH and MDA levels in rat ovaries. Means in the same column by the same letter are not significantly different to the Duncan test ( *p* \< 0.05). Results are presented as means ± standard deviation. GSH, glutathione; IR, ischemia/reperfusion; MDA, malondialdehyde; MPO, myeloperoxidase; SHAM, sham-operated; SOD, superoxide dismutase.](10-1055-s-0040-1715553_00080_01){#FI-1}

Histopathological Results
-------------------------

All rats were evaluated for tissue damage by assessing parameters such as congestion, PMNL infiltration, and hemorrhage. The histopathological scores for all four groups are listed. The ovarian histopathological changes for the IR, IR + lycopene 100 mg, and IR + lycopene 200 mg groups are shown in [Fig. 2](#FI-2){ref-type="fig"} . The histopathological evaluation showed that tissue damage significantly increased in the IR group compared with the lycopene treatment groups. The tissue damage in the lycopene treatment groups significantly decreased compared with the IR group. Cellular improvements on these histopathological parameters as a result of lycopene can be a reflection of its antioxidant effect. Vascular congestion, hemorrhage, and PMNL infiltration were significantly higher in the IR group than in the sham group. Congestion, hemorrhage, and PMNL infiltration regressed to the degrees of mild and medium from severe in the IR group, which was given the lycopene treatment. There were significant differences in tissue damage between the lycopene 100 mg and lycopene 200 mg groups. The sham group (group 1) had a normal histological architecture with minimal congestion, including the cortex and medulla. The cortex consists of ovarian follicles and corpus luteum, whereas the medulla consists of vascular structures and connective tissue. The tunica albuginea that surrounds the ovary had a normal appearance ( [Fig. 2A](#FI-2){ref-type="fig"} [B](#FI-2){ref-type="fig"} ). In the ovarian torsion IR group (group 2), intensive neutrophil infiltration was observed in the peripheral connective tissue, and hemorrhage was observed between this tissue and the ovarian tissue ( [Fig. 2C](#FI-2){ref-type="fig"} ). Significant congestion was observed in the vascular structures in the medulla ( [Fig. 2D](#FI-2){ref-type="fig"} ). The ovarian torsion + 100 mg/kg lycopene group (group 3) had focal hemorrhage compared with the IR group ( [Fig. 2E](#FI-2){ref-type="fig"} ). In the IR + lycopene 100 mg group, congestion and inflammatory cell density were lower than in the IR group ( [Fig. 2F](#FI-2){ref-type="fig"} [G](#FI-2){ref-type="fig"} ). Hemorrhage was not observed in the ovarian torsion + 200 mg/kg lycopene group (group 4) ( [Fig. 2H](#FI-2){ref-type="fig"} ). The congestion and infiltration of infective cells were minimal ( [Fig. 2J](#FI-2){ref-type="fig"} [K](#FI-2){ref-type="fig"} ) in all groups.

![Effects of lycopene treatments on light micrographs in rats' ovaries (hematoxylin--eosin (H&E) staining). ( **A** ) Sham group (group 1) with minimal congestion, x400, H&E. ( **B** ) Sham group, (group 1) with no inflammation and hemorrhage, x400, H&E. ( **C** ) Ischemia/reperfusion (IR) group (group 2) with hemorrhage (unidirectional arrow) and inflammation (bidirectional arrow), x400, H&E. ( **D** ) IR group (group 2) with congestion (arrow) x400, H&E. ( **E** ) IR+ lycopene 100 mg/kg (group 3) with focal hemorrhage, x400, H&E. ( **F** ) IR+ lycopene 100 mg/kg (group 3) with congestion, x400, H&E. ( **G** ) IR+ lycopene 100 mg/kg (group 3) with inflammation (arrow), x400, H&E. ( **H** ) IR+ lycopene 200 mg/kg (group 4) with hemorrhage not detected, x400, H&E. ( **J** ) IR + lycopene 200 mg/kg (group 4) with minimal congestion, x400, H&E. ( **K** ) IR+ lycopene 200 mg/kg (group 4) with minimal inflammation, x400, H&E.](10-1055-s-0040-1715553_00080_02){#FI-2}

Discussion
==========

Ovarian torsion frequently occurs in women during the premenarchal or reproductive years. For that reason, early and accurate diagnosis is very important for a woman's reproductive health. [@JR_10] Ovarian torsion must be diagnosed and treated to prevent potential necrosis leading to infertility. [@JR_11] Detorsion might be considered to restore the ovarian blood flow. However, reperfusion might lead to more serious injury, [@JR_12] known as an IR injury. [@JR_13] In oxidative stress, there is an imbalance between the production and elimination of ROS. [@JR_3] The IR condition oxidizes cellular membrane lipids and leads to the formation of toxic products such as MDA. [@JR_14] On the other hand, cellular protection against oxidative damage is provided by antioxidant enzymes and nonenzymatic compounds such as GSH or SOD. [@JR_4] [@JR_11] MPO, a major component of neutrophil azurophilic granules, is often released from stimulated PMNLs at inflammation sites and is involved in the generation of ROS. [@JR_15] MDA is the end product of lipid peroxidation, which induces ischemic injury, whereas GSH is the most significant cellular antioxidant compound. [@JR_16] It defends cells against oxidant damage by entering into reactions with GSH and free radicals. [@JR_11] SOD and MPO are antioxidant enzyme components of the defense mechanism against the activities of oxidative substances. Increased levels of these enzymes protect the tissue during ovarian IR damage. [@JR_5] [@JR_17] [@JR_18] After ovarian detorsion, to protect the ovarian reserve against IR damage, prophylactic measures are necessary. [@JR_19] Therefore, several studies have focused on pharmaceutical agents with antioxidant effects to prevent ovarian IR damage in animal models. [@JR_1] [@JR_3] [@JR_5] [@JR_18]

The ischemia that develops due to torsion has been reported to increase the blood levels of lipid peroxidation products. [@JR_20] It is known that antioxidant treatment helps prevent tissue damage related to increases in oxidant production. Antioxidant agents reduce oxidized biomolecules and repair existing oxidative injury. [@JR_21] Therefore, to prevent ischemic injury in ovarian torsion, many prophylactic agents such as erdosteine, selenium, erythropoietin, vardenafil, vitamin C, and curcumin have been used before and after ischemia. [@JR_22] [@JR_23]

Cellular and molecular studies have revealed lycopene, which not only inhibits lipid peroxidation but also quenches ROS, [@JR_24] to be one of the strongest antioxidants. [@JR_25] It has been commonly used as an antioxidant agent in traditional medicine and has been reported to have protective effects for the treatment of cardiovascular diseases, neurotoxicity, hepatic injury, and nephrotoxicity. [@JR_26]

Acetaminophen overdoses are causes of hepatic necrosis and acute liver failure. [@JR_27] It has been reported that lycopene defends against acetaminophen-induced liver injury in mice by increasing antioxidant substances including GSH. [@JR_28] Carbon tetrachloride (CCl ~4~ ) causes liver injury in experimental studies. [@JR_29] In the study by Pinto et al, it was shown that lycopene acted as a therapeutic agent against CCl ~4~ -induced acute liver damage in experimental animals. A significant increase was observed in the GSH concentration and SOD activity in lycopene-treated groups. [@JR_30] Previous studies have reported that gentamicin nephrotoxicity is related to oxidative stress and hydroxyl radicals. [@JR_31] Studies on the prevention of gentamicin toxicity reported that treatment with lycopene markedly increased antioxidant levels and reduced the urea and creatinine levels in rats given gentamicin. [@JR_32] Cyclosporine A is used as an immunosuppressive drug after transplantation, but it has nephrotoxicity side effects. [@JR_33] It was stated that giving lycopene to rats caused a decrease in the urea and creatinine serum concentrations, an increase in SOD, and the suppression of MDA. [@JR_34] A study by Liu et al reported that lycopene ameliorates ovarian aging in chickens. The ovarian tissues of young and old hens were treated with lycopene to verify its protective effects. Treatment with lycopene reported a decrease in the MDA content and ROS levels in both young and old ovarian tissues. [@JR_35]

Many studies have shown that MDA levels increased related IR injuries. [@JR_36] It has been stated that this increase is a clear sign of an IR injury. [@JR_37] In our study, the histopathological and biochemical evaluations showed that 100 or 200 mg doses of lycopene were effective in reducing ovarian tissue damage. Furthermore, when compared with the sham operated group, the increase in the MDA level in the IR group was significant. On the other hand, the IR process caused a significant decrease in the GSH level in the ovarian tissue of rats compared with the sham group. Lycopene significantly improved the GSH level in the lycopene treatment groups when compared with the IR group. The SOD activity was suppressed in the IR group compared with the sham group. But a significant increase was found in the lycopene treatment groups compared with the IR group. On the contrary, MPO activity was significantly increased in the IR group when compared with the sham group, and when lycopene was supplied, MPO activity significantly decreased. Consistent with our results, Tok et al reported that the levels of oxidant indicators such as MDA and MPO increased and the levels of antioxidant indicators such as GSH decreased in the IR group. [@JR_38]

On the contrary, Sayar at al showed that a significant rise in the SOD enzyme activity was detected in the IR group, whereas a significant reduction in the levels of this marker was observed when antioxidant material was applied to an IR injury. [@JR_39]

Histopathologically, dilated congested blood vessels, inflammation, and severe hemorrhage in ovarian tissue with the oxidative trauma caused by IR were also observed in this study. Confirming our results, similar histopathological changes in rat ovaries related to IR injury were reported in previous experimental studies. [@JR_1] [@JR_40]

An increase in antioxidant enzyme levels is a reflection of increased oxidative stress. In addition, it was detected that enzyme levels decreased in the rats induced with an IR when administered lycopene. These results are also important in terms of the antioxidant effects of lycopene that might be a result of toxic agents resulting from its administration. In our study, the histopathological and biochemical evaluations showed that lycopene was effective in reducing ovarian tissue damage. It was observed that the dose-dependent activity increased.

In conclusion, the results of this study showed that lycopene has protective effects on oxidative stress induced by ischemia in ovarian torsion and increases the dose-dependent effect. However, further clinical studies are required to reach accurate results.
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